The main aim of this study was to evaluate the efficacy of montmorillonite clay for the adsorption of C.I. Basic The adsorbent dosage was found to be the key factor that controlled dye adsorption. The adsorption kinetic and isotherm were also investigated. The rate of adsorption showed the best fit with the pseudo-second order model (R 2 = 1). The results of the isotherm study fit the Freundlich model (R 2 > 0.9). The physicochemical properties of the sample were determined by XRF, XRD, FT-IR, and N 2 adsorption-desorption.
Introduction
The presence of organic dyes in aqueous environments such as rivers and lakes can cause detrimental effects on such environments due to the reduction in light penetration and photosynthesis. Moreover, the presence of dyes in aqueous environments adversely affects their aesthetic nature.
1 There are many technologies to remove organic dyes from industrial effluents including biological, adsorption, membrane, coagulation-flocculation, ozonation, and advanced oxidation processes. 2, 3 Because of the low biodegradability of organic dyes, conventional biological treatments are not efficient enough to degrade organic dyes and treat colored wastewaters;
thus, organic dyes in aqueous solutions are degraded or removed through physicochemical processes. 3, 4 Among the physicochemical treatment methods, adsorption using solid adsorbent has been found to be efficient and economical. 5−7 However, using activated carbon, the most widely used adsorbent, has become limited because of its high capital and operational costs. 8, 9 Therefore, there is a growing demand to develop new materials for sequestering organic dyes from aqueous media. In recent decades, natural clay materials have been widely used for removing organic compounds such as organic dyes from aqueous solutions because of their availability, nontoxicity, mechanical and chemical stabilities, high surface area, and low price compared to the conventional activated carbon. 10, 11 Montmorillonite is one type of clay material, existing in most soils abundantly. This type of clay is employed as a low-cost alternative to activated carbon. 12 Thus, in recent years, the application of montmorillonite for treating polluted aqueous environments has been widely investigated by many researchers.
13−16
Based on the above-mentioned statements, in the present study, montmorillonite of nanosize named nanoclay was considered for the adsorption of Basic Yellow 2 (BY2) dye from aqueous solutions. The characteristics of nanoclay were firstly assessed by X-ray diffraction (XRD), Fourier transform infrared spectra (FT-IR), X-ray fluorescence (XRF), and Brunauer-Emmett-Teller (BET) analysis and then used for the adsorption of C.I. BY2 as an azo dye from aqueous solutions. To vigorously evaluate the potential of montmorillonite for the adsorption of BY2, response surface methodology (RSM) based on a central composite design (CCD) was employed to investigate the effect of four main operational parameters influencing the decolorization of BY2: initial dye concentration, adsorbent dosage, temperature, and reaction time. Nowadays, process optimization is proposed as a beneficial tool for discovering conditions in which the best possible response can be obtained. RSM is an empirical designing, modeling, and optimizing technique for evaluating the influence of independent parameters and their interactive effects on responses with a reduced number of experiments. Already, the RSM approach has been successfully used to optimize response efficiency and evaluate simple and combined effects of different operational parameters on the removal of dye via different treatment processes. 10,17−19 RSM is an effective experimental design approach to predict the efficiency of an experimental system. Using RSM, various parameters are simultaneously examined with a minimum number of experiments, demonstrating that the study processed by RSM is less expensive and time consuming than the conventional one-factor-at-a-time statistical strategy.
Results and discussion

Structural characteristics
XRD analysis
XRD analysis was performed to study the structural characteristics of the nanoclay. As illustrated in Figure 1 , five narrow peaks of the studied montmorillonite are located at 19.84, 26.65, 34.93, 61.66, and 73.05
• , indicating the montmorillonite clay is crystalline in nature. MMT in a 2:1 layer structure has ability to swell. The basal spacing of this phase was significantly enlarged by pretreatment as a result of this swelling feature. 17, 20 Interlayer spacing of MMT was quantitatively assessment using the Debye-Scherrer equation d = (kλ /β cos θ). In this equation d is the thickness of the crystal, k is the Debye-Scherrer constant (0.89), k is the X-ray wavelength (0.15406 nm), b is width of the peak with the maximum intensity in half height, and h is the diffraction angle.
21
The result obtained from analyses of the XRD pattern by using the Debye-Scherrer equation indicated that the interlayer spacing of MMT (2 θ = 26.65
• ) was about 29 nm.
BET analysis
In order to obtain the surface area of the nanoclay, N 2 adsorption and desorption were carried out at 77 K and plotted as adsorbed volume versus relative pressure ( Figure 2 ). The surface areas and pore size distributions were calculated using BET and Barrett-Joyner-Halenda (BJH) desorption in the range of 1.5-100 nm. The results are given in classified by the IUPAC. 22 This type of isotherm relates to multilayer physical adsorption and describes strong interactions between adsorbate and adsorbent. The isotherm of clay ( Figure 2 ) shows a type-H4 hysteresis loop, revealing that the sample has a mesoporous texture containing open slit-shaped capillaries. 23 The adsorptiondesorption hysteresis on the clay sample isotherm showed clearly that liquid nitrogen was condensed in slitshaped mesopores. 24 The inset of Figure 2 is the pore size distributions of the clay sample used in this study, in which different volume is plotted against pore size for the desorption branches of the N 2 adsorption-desorption isotherms according to the BJH model. 25 The total pore volume and average pore radius were 0. 
FT-IR analysis
FT-IR analysis was conducted to evaluate the involvement of surficial functional groups in the adsorption of BY2 onto nanoclay. The FT-IR spectra of pure clay and the dye adsorbed nanoclay sample are shown in -OH stretching band for interlayer water. The bands at 3600 and 3649 cm −1 are due to OH stretching of structural hydroxyl groups. are attributed to Al-Al-OH, Mg-OH, Si-O-Al, and Si-O-Mg bending vibrations, respectively. 31 The presence of various binding groups on the surface of adsorbent, especially ionizable -OH groups, would be beneficial for the adsorption of cationic species such as BY2. 28 It can be observed that the intensity of the peak associated with the -OH group diminished after the adsorption of BY2, which confirmed the significant role of this peak in the adsorption process. Compared to MMT, the spectra of dye-loaded clay showed two additional peaks at 1418
and 1514 cm −1 , which were attributed to the CH bending of alkene (in plane) and N-H bending vibrations, respectively. This indicated the incorporation of dye in the structure of nanoclay after the adsorption process. The shift of bands belonging to Si-O and all of -OH vibrations and/or change in their intensities imply the presence of strong electrostatic interactions and also hydrogen bonds between dye molecules and these functional groups. 32 The -OH plays a significant role for the adsorption of adsorbate molecules via hydrogen bonding.
33
Conclusively, the results of FT-IR analysis suggested that BY2 is held onto nanoclay by chemical activation, indicating dye/nanoclay complexation.
14 Similar results were reported by Malkoç et al. 
Model results for the removal of BY2 by montmorillonite
An empirical mutual relationship between the response (CR (%)) and independent studied variables was obtained using Design-Expert software and is shown through Eq. (1): 
Accordingly, the experimental and predicted CR values (%) are shown in Table 2 . One of the most important approaches to test the adequacy and reliability of the statistical model is performing analysis of variance (ANOVA); 18,35 thus, ANOVA was performed for the adsorption of BY2 onto nanoclay and the results are provided in Table 3 . In this manner, the significance and suitability of the model were determined by the obtained correlation coefficient (R 2 ) and adjusted R 2 between the experimental and predicted values of the CR (%). The closer the correlation coefficient value is to 1, the better it predicts the determined response. The correlation coefficient (R 2 ) and corresponding adjusted R 2 were calculated via Eqs. (2) and (3):
where SS, n, and p are the sum of the squares, the number of experiments, and the number of predictors in the model, respectively. Having many terms in a model along with not very large sample size results in a smaller adjusted R 2 compared to the value of R 2 . 37 According to Table 3 , the value of adjusted R 2 was 0.949. Therefore, it seems that there is not a significant difference between R 2 and corresponding adjusted R 2 . This indicates a good fit between the predicted results by the models and corresponding experimental results. As given in Table 3 , "adequate precision" measures the difference between the signal and the noise (signal-to-noise ratio), and a ratio of greater than 4 is favorable. 10, 18 Therefore, the obtained precision of 23.53 indicates an adequate signal. In addition, a very low value of the coefficient of variation (CV = 0.49%) demonstrates good reliability of the model for predicting the color removal (%) under different operational conditions. 18 Moreover, the adequacy of the model can be determined by the residuals calculated through determining the difference between the experimental and the predicted color removal. 38 Figure 4b depicts the normal probability (%) versus residuals for removing BY2
by montmorillonite. The normal probability plot determines normal distribution of the residuals. Figure 4b shows that the obtained data points appear on a straight trend line without considerable dispersal, indicating the suitability of the model with low residual values. Moreover, the residuals were plotted versus the predicted CR (%) (Figure 4c ) and the run number (Figure 4d ) in which a random dispersal of the residuals was obtained for each plot. In addition, the significance and adequacy of the model can be checked by F-value and P-value. A larger F-value together with a smaller P-value indicates the suitability of the models. 19 An F-value of 40.73 and a P-value of <0.0001 demonstrated the adequacy of the model for predicting the BY2 removal (%) as response (Table 3) . P-values less than 0.05 indicate that model terms are significant and values greater than 0.10 indicate an insignificant model. Moreover, the F-and P-values are good tools to check the importance of each variable or the interactions between the variables. 35 As listed in Table 4 , among the studied variables, the adsorbent dosage (b 1 ) with an F-value greater than 290 and P-value smaller than 0.0001 produced the maximum effect on BY2 removal (%). In addition, the BY2 removal (%) is evidently influenced by the initial BY2 concentration (b 2 ), in the second place, with an F-value greater than 69 and a P-value smaller than 0.0001. However, the effects of the temperature (F-value = 0.40) and the reaction time (F-value = 0.23) are lower compared to those of the other two variables. 
Interactive effects of the studied variables
The response surface and contour plots can be used to assess CR (%) according to a polynomial function. In this approach, two variables were constant and the other two variables would be varied. (3D) response surface plots for the calculated response were obtained based on the quadratic model. The effect of the initial BY2 concentration on its removal (%) is illustrated in Figure 5 , while the temperature and adsorbent dosage were kept constant at 40 • C and 0.8 g/L, respectively. As depicted in Figure 5 , increasing the initial BY2 concentration from 20 to 100 mg/L resulted in decreasing BY2 removal (%). According to Eq. (1), this result can be confirmed by the negative value obtained for initial dye concentration (-0.82x 1 ), which indicated that the adsorption of BY2 is inversely proportional to the initial dye concentration. However, the dye removal (%) via the adsorption did not vary as the dye concentration increased from 20 to 40 mg/L. Decreasing BY2 removal (%) with increasing initial concentration of it is probably ascribed to the saturation of adsorptive sites placed on the surface of nanoclay. 40 This result can also be attributed to the aggregation of dye molecules at high concentration, which makes it impossible to diffuse into the adsorbent structure. 14 The contour plot and corresponding response surface plot of the effect of the adsorbent dosage on BY2 removal (%) are represented in Figure 6 . As shown, the BY2 removal (%) increased with adsorbent dosage. However, increasing adsorbent dosage from 1.15 to 1.50 g/L led to a small decrease in BY2 removal (%). The increase in adsorbent dosage leads to increasing active adsorption sites. However, it can cause lowering of the concentration gradient between the adsorbent interface and the solution at constant adsorbate concentration, resulting in a small decrease in the adsorption at higher adsorbent concentrations. 41, 42 Similar behavior was observed and reported by Silva et al. in their study on the adsorption of an industrial anionic dye by modified montmorillonite. 43 The interactive effect of the initial BY2 concentration and adsorbent dosage on CR (%) is depicted in Figure 7 . In accordance with Figures 5 and 6, Figure 7 shows the increase in BY2 removal (%) as the initial dye concentration decreased and adsorbent dosage increased. The effect of temperature on the CR (%) was studied, while the initial BY2 concentration and adsorbent dosage were kept constant at 60 mg/L and 0.8 g/L, respectively. Figure 8 shows that the change in the temperature caused no significant effect on the CR (%). This demonstrated that the adsorption of BY2 onto montmorillonite was independent of the temperature. As stated previously, the effect of temperature (F-value = 0.40) along with the contact time (F-value = 0.23) produced the lowest effect on the adsorption of BY2 in comparison with the other two variables. Moreover, as can be seen from Eq. (1), the negative value of temperature (-0.063x 3 ) indicated that increasing temperature causes a small drop in the adsorption of BY2. If the adsorption increases with increasing temperature then the adsorption is an endothermic process. Inversely, decreasing adsorption with increasing temperature implies that the adsorption is an exothermic process; 44 thus, the adsorption of BY2 onto nanoclay can be classified as an exothermic process. In contrast, Zhou et al. reported that dye adsorption onto cellulose acetate/organo-montmorillonite composites is temperature-dependent in which the increase in the temperature resulted in an increment in the adsorption. 41 The interactive effect of the temperature and adsorbent dosage on BY2 removal (%) is shown in 
Optimization through numerical optimization
Determining the optimum values for the variables influencing the BY2 removal by montmorillonite is the main goal of the optimization process. The desired response (CR (%)) was determined as "maximize" to attain the highest BY2 removal (%), while the independent variables were arranged to the full studied range. For maximum BY2 removal of 97.32%, the initial dye concentration, adsorbent dosage, reaction time, and temperature were 
Kinetic study
In order to describe the rate and mechanism of the BY2/MMT adsorption system at 25
• C and determine the factors controlling the rate of adsorption, three kinetic models including pseudo-first-order, pseudo-second-order, and intraparticle diffusion models were used with an initial concentration of 60 mg/L. The constant parameters and regression coefficients of the equations for this system were obtained by computing from the intercept and the slope of the plots using the linear form of the isotherm equations. The results are presented in Table 5 , together with the linear forms of the kinetic equations. The obtained results in this study were not fitted with the pseudo-first-order model. As can be seen from Table 5 , the pseudo-second-order kinetic model had the highest correlation coefficient (R 2 = 1.00), indicating that the adsorption of BY2 onto MMT surface followed the pseudo-second-order kinetic model. The high fitting for this equation showed the presence of chemical and strong electrostatic attractions between the functional groups of adsorbent and adsorbate molecules or an activated adsorption mechanism. 4, 17 The adsorption kinetics of BY2 onto the MMT surface was also studied on the basis of the intraparticle diffusion model and the experimental data were fitted to the intraparticle diffusion model, indicating that the adsorption process occurred via a multistep mechanism involving exterior surface adsorption and subsequent intraparticle or pore diffusion. 4,17,47 Table 5 shows that the order of adsorption rate was the first stage (k i1 ) < second stage (k i2 ). The changes in k i1 and k i2 could be attributed to the adsorption stages of the exterior surface and interior surface, respectively. A plot of q t versus t 1/2 for the equation of the intraparticle diffusion model did not pass through the origin. Therefore, it can be said that intraparticle diffusion is not the sole rate-determining step. As seen in Table 5 , the low external diffusion rate (0.003 mg/min 1/2 /g) for the adsorption of BY2 onto MMT was probably due to the heteroporous structure of the adsorbent, which decreased the diffusion rate.
47 Table 5 . The kinetic constants of pseudo-second-order and intraparticle diffusion models in the BY2 removal using adsorption onto montmorillonite.
Kinetic models Equation Parameters
Values Pseudo-second-order t/q t = 1/k 2 q 2 e +t/q e k 2 (g/mg/min) 1.17 q e (mg/g) 92.59 R 2 1.0000
kp, Intraparticle diffusion constant; qt, amount of adsorbed dye; C, intercept; k2, rate constant of the pseudo-second order.
Isotherm study
In order to determine the mechanism of BY2 adsorption on the MMT surface, the experimental data were applied to the Freundlich and Langmuir isotherm equations, which are the most common models used in adsorption studies. The constant parameters of the equations for this system were calculated by regression using the linear form of the isotherm equations. The results, together with the isotherm equations, are given in Table 6 ; the Langmuir isotherm assumes the monolayer adsorption of adsorbate molecules without any interaction with each other on the adsorbent surface, with identical binding sites energetically. 48 As can be seen from Table 6 
The values of R L for the adsorption of BY2 onto the MMT surface were between 0.02 and 0.094, indicating that the process had occurred favorably. 17, 48 The Freundlich isotherm is an empirical equation derived by assuming a heterogeneous adsorbent surface with its adsorption sites being at varying energy levels. 4, 17, 48 By considering the high R 2 value (R 2 = 0.9792) obtained from the Freundlich model, it can be said that this model provides a better fit to the experimental data (see Table 6 ). In our study, when comparing the regression coefficient values for both Langmuir and Freundlich isotherms, it was demonstrated that the Freundlich isotherm was the most appropriate in describing the equilibrium data for dye adsorption at the studied temperature. 
Experimental procedure and analysis
To carry out the adsorption experiments, 100-mL glass-stoppered round-bottom flasks immersed in a thermostatic shaker bath were used. The initial pH was adjusted with concentrated HCl and NaOH solution and measured by a WTW inoLab pH meter (WTW Inc., Weilheim, Germany). The pH meter was standardized with buffers before every measurement. At the end of each experimental run, the supernatant was withdrawn and centrifuged for 5 min at 6000 min −1 . The residual BY2 in the solution was measured with a Varian Cary 100 UV spectrophotometer (Australia) at λ max of 432 nm. The color removal (%) by adsorption onto montmorillonite and the amount of BY2 adsorbed by the montmorillonite were estimated through Eqs. (4) and (5), respectively.
where q is the adsorption capacity (mg/g); C o , C, and C e are the dye concentrations at time 0, t, and equilibrium concentrations of BY2 (mg/L); V is the volume of BY2 solution (L); and M is the total amount of montmorillonite (g). The chemical composition (wt%) of the nanoclay sample (main elements) was determined by Rigaku RIX-3000 X-ray fluorescence spectrometry (Rigaku Corporation, Japan). The X-ray diffraction (XRD) patterns of the samples were gained by a Philips X-ray diffractometer (XRD: STOE D-64295 Germany). The BET surface area of the clay was measured through N 2 adsorption at 77 K in the relative pressure range from 0.06 to 0.99 using a Micromeritics Gemini, Model 2385 (USA). The pore size distributions were deduced from N 2 adsorption isotherms using the BJH method. Before measurements, the sample was degassed for 15 h at 100
• C in the degas port of the adsorption analyzer. FT-IR spectra of montmorillonite samples before and after adsorption of C.I. Basic Yellow 2 (BY2) at 293 K were run on a PerkinElmer Model 1600 FT-IR (USA) spectrophotometer using KBr pellets. Each sample was finely ground with oven-dried spectroscopic grade KBr and pressed into a disk. All samples were oven-dried at 120
• C to remove physisorbed water. Then the spectra were recorded at a resolution between 400 and 4000 cm −1 .
Experimental design based on a CCD
RSM based on a CCD was used to optimize the removal of BY2 by adsorption onto montmorillonite nanoclay. In recent decades, RSM has been utilized to assess the interactive effects of different operational variables in various biochemical and chemical processes. 
where N, k, and x 0 are the number of experiments, the number of variables, and the number of central points, respectively. 2, 18, 38 According to Eq. (5), the total number of experiments was obtained to be 31 (k = 4, x 0 = 7). The selected variables (X i ) were coded as x i according to Eq. (6):
where x 0 and δ x are the values of x i at the center point and step change, respectively. 37, 38, 50 The ranges and levels of the selected variables are represented in Table 7 . The mathematical relationship between the response (CR (%)) and the operational variables can be described through Eq. (8): 
where Y is the predicted response of CR (%) and b 0 , b i , b ij , and b ii are constant, the regression coefficients for linear effects, the regression coefficients for squared effects, and the regression coefficients for interaction effects, respectively. In addition, x i and x j are the coded values for the experimental variables. 
37,38
Conclusions
In the present investigation, the applicability of montmorillonite nanoclay was considered for the adsorption of a cationic dye from aqueous solutions. To vigorously evaluate the efficacy of the studied adsorbent for removing BY2 from the aqueous phase under different operational conditions, a CCD was applied. The experimental design (31 runs) was obtained using Design-Expert software. The individual and interactive effects of four main operational parameters influencing the adsorption of BY2 were studied: initial dye concentration, adsorbent dosage, reaction time, and temperature. Accordingly, a quadratic model was developed to predict the BY2 removal efficiency in terms of individual and interactive effects of operational parameters. The quadratic model was analyzed using ANOVA. The F-value, P-value, and the value of sum of squares of the applied model were 40.73, 0.0001, and 133.08, respectively. This implies that the model can be considered an appropriate and reliable tool to correlate between the response and independent parameters. Three dimensional response surface plots and corresponding contour plots, which are simulated from the models, were applied to describe the effect of studied parameters on the removal of BY2. Decreasing the initial BY2 concentration together with increasing adsorbent dosage resulted in increasing BY2 removal (%), while the change in reaction time and temperature caused an insignificant change in BY2 removal. The obtained correlation coefficient demonstrated a good agreement between the predicted and experimental results. For a maximized BY2 removal of 97.32%, the initial dye concentration, adsorbent dosage, reaction time, and temperature were 60 mg/L, 0.6 g/L, 10 min, and 25
• C, respectively. The result of FT-IR analysis confirms the involvement of O-H and N-H groups in the BY2 and montmorillonite interaction. Thus, montmorillonite clay would be an efficient adsorbent for the removal of BY2 dye from aqueous solutions. Finally, the results indicated that the CCD statistical approach is an appropriate tool to optimize the operational parameters for maximized removal efficiency.
